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Abstract
Background: sFRP-3 is a soluble antagonist of Wnts, widely expressed in developing embryos. The Wnt gene family
comprises cysteine-rich secreted ligands that regulate cell proliferation, differentiation, organogenesis and oncogenesis of
different organisms ranging from worms to mammals. In the canonical signal transduction pathway Wnt proteins bind to
the extracellular domain of Frizzled receptors and consequently recruit Dishevelled (Dsh) to the cell membrane. In addition
to Wnt membrane receptors belonging to the Frizzled family, several other molecules have been described which share
homology in the CRD domain and lack the putative trans-membrane domain, such as sFRP molecules (soluble Frizzled
Related Protein). Among them, sFRP-3 was originally isolated from bovine articular cartilage and also as a component of the
Spemann organizer. sFRP-3 blocks Wnt-8 induced axis duplication in Xenopus embryos and binds to the surface of cells
expressing a membrane-anchored form of Wnt-1. Injection of sFRP-3 mRNA blocks expression of XMyoD mRNA and leads to
embryos with enlarged heads and shortened trunks.
Methodology/Principal Findings: Here we report that sFRP-3 specifically blocks EGF-induced fibroblast proliferation and
foci formation. Over-expression of sFRP-3 reverts EGF-mediated inhibition of hair follicle development in the mouse
ectoderm while its ablation in Xenopus maintains EGF-mediated inhibition of ectoderm differentiation. Conversely, over-
expression of EGF reverts the inhibition of somitic myogenesis and axis truncation in Xenopus and mouse embryos caused
by sFRP-3. In vitro experiments demonstrated a direct binding of EGF to sFRP-3 both on heparin and on the surface of CHO
cells where the molecule had been membrane anchored.
Conclusions/Significance: sFRP-3 and EGF reciprocally inhibit their effects on cell proliferation, differentiation and
morphogenesis and indeed are expressed in contiguous domains of the embryo, suggesting that in addition to their
canonical ligands (Wnt and EGF receptor, respectively) these molecules bind to each other and regulate their activities
during embryogenesis.
Citation: Scardigli R, Gargioli C, Tosoni D, Borello U, Sampaolesi M, et al. (2008) Binding of sFRP-3 to EGF in the Extra-Cellular Space Affects Proliferation,
Differentiation and Morphogenetic Events Regulated by the Two Molecules. PLoS ONE 3(6): e2471. doi:10.1371/journal.pone.0002471
Editor: Rory Edward Morty, University of Giessen Lung Center, Germany
Received November 7, 2007; Accepted May 13, 2008; Published June 18, 2008
Copyright:  2008 Scardigli et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This work was supported by grants from AFM, MDA, Duchenne Parent Project, CARIPLO, Fondation Leducq, European Community, Italian Ministries of
Health and Research.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: cossu.giulio@hsr.it
¤a Current address: European Brain Research Institute, Rome, Italy
¤b Current address: Department of Experimental Oncology, European Institute of Oncology, Milan, Italy
¤c Current address: Nina Ireland Laboratory of Developmental Neurobiology, University of California San Francisco, San Francisco, California, United States of
America
. These authors contributed equally to this work.
Introduction
The Wnt gene family comprises cysteine-rich secreted ligands
that regulate cell proliferation, differentiation, organogenesis and
oncogenesis of different organisms ranging from worms to
mammals [1,2]. In the canonical pathway Wnts bind to the
extracellular domain of Frizzled receptors [3,4] and through
canonical b-catenin or Ca
2+/PKC dependent pathways activates
Wnt target genes [5]. In addition to Frizzled receptors, four sFRP
(Soluble Frizzled Related Protein), sharing homology in the CRD
domain but lacking the putative trans-membrane domain have
been identified [6]. sFRP-3, also known as Frzb-1, was originally
isolated from bovine articular cartilage and also as a component of
the Spemann organizer [7]. sFRP-3 binds to the surface of cells
PLoS ONE | www.plosone.org 1 June 2008 | Volume 3 | Issue 6 | e2471expressing a membrane-anchored form of Wnt-1 and blocks Wnt-
8 induced axis duplication in Xenopus embryos [8]. Injection of
sFRP-3 mRNA blocks expression of XMyoD mRNA and leads to
embryos with enlarged heads and shortened trunks [8].
Recently, unforeseen cross-talks among different signaling
pathways have been shown to affect several cellular responses
both in embryogenesis and in oncogenesis. These interactions
occur both in the extra-cellular space (ligand-ligand interaction) at
the level of membrane receptors, and in the cytoplasm by second
messenger molecules, such as SMAD, that are shared by different
signaling pathways. In Drosophila, it is well known that Wg and
EGF together regulate several morphogenetic events such as
imaginal disc formation [9–11]. Whether this implies physical
interaction among the signaling molecules or members of their
signaling cascades is still unknown.
Here we show reciprocal inhibition of many biological activities
exerted by EGF and sFRP-3 that are expressed in contiguous
domains of both mesoderm and neuroectoderm and bind to each
other in vitro. Thus one cross-talk between the Wnt and the EGF
pathways is at the level of ligand binding in the extracellular space
and may regulate reciprocal activities during embryogenesis.
Results
sFRP-3 expression alters C3H10T1/2 fibroblasts
morphology and proliferation
When retrovirally over-expressed in C3H10T1/2 cells, that do
not express Wnts or sFRPs (see next paragraph for details), sFRP-3
affects their morphology and inhibits their proliferation. As shown
in Figure 1, cells expressing sFRP-3 appeared smaller than their
parental counterparts and projected several cytoplasm processes
(compare 1C with 1A). In addition sFRP-3 expression altered the
cytoskeleton, inducing stress fiber disorganization, membrane
ruffling, and filopodia (compare 1D with 1B and 1F). In contrast,
Wnt-1-over-expressing cells grew more densely as a monolayer,
forming bundles lined up in uniform directions (Fig. 1E). As
previously reported [12] Wnt-1-expressing cells proliferated faster
than parental cells, with an almost two-fold increase in plateau cell
density, while sFRP-3-expressing cells proliferated more slowly
showing a reduced plateau cell density (Fig. 1G). Flow cytometry
analysis revealed a significant accumulation of sFRP-3-expressing
cells in G0/G1 phase in comparison with control cells, while Wnt-
1-expressing cells exhibited a significant reduction of cells in the
G0/G1 phase (Fig. 1H; see quantification of these data in Table
S1).
Conditioned medium from sFRP-3-expressing, but not from
control cells, inhibited proliferation of Wnt-1 expressing but also of
control C3H10T1/2 fibroblasts (not shown).
sFRP-3 specifically inhibits EGF mediated proliferation of
C3H10T1/2 cells
C3H10T1/2 cells express few Wnts such as Wnt2, 2b, 4, 5, 5b,
and 9a at extremely low, basically background, level (0,0001% of
reference housekeeping genes, see Table S2) as demonstrated by
quantitative RT-PCR experiments performed on Wnt-pathway
PCR array (SuperArray Bioscience Corporation, see Materials
and Methods for details). Thus, sFRP-3 dependent inhibition of
C3H10T1/2 cells proliferation is not likely due to the inhibition of
a Wnts-mediated autocrine loop, also because other necessary
molecules of the Wnt pathway, such as Lef1, are not expressed in
these cells (Table S2). Since proliferation depends upon the action
of different mitogens present in the fetal calf serum (FCS), such as
EGF, FGF, PDGF, we investigated whether sFRP-3 could block
the mitogenic response mediated by any of these factors. To test
this hypothesis we exposed serum starved control and sFRP-3
expressing C3H10T1/2 cells to EGF (100 ng/ml), bFGF (10 ng/
ml), PDGF (0.4 nM) or HGF (20 ng/ml). As expected, control
C3H10T1/2 cells proliferate in response to any of these growth
factors, even though to a different extent (Fig. 2A). Interestingly,
sFRP-3 expressing cells were able to proliferate in response to all
growth factors like control cells, with the notable exception of EGF
(Fig. 2B), in presence of which they failed to proliferate, even when
present at the highest concentration (Fig. 2C–D). This data clearly
demonstrates that reduced proliferation of sFRP-3 expressing
C3H10T1/2 cells in high serum depends by the inability of these
cells to respond to serum EGF, and suggests a possible direct
interaction between sFRP-3 and EGF.
sFRP-3 inhibits the EGF-induced colony formation and
focal transformation of EGF-receptor over-expressing NIH
3T3 cells
To further investigate this unexpected finding, we assessed
whether other known biological activities of EGF might be blocked
by sFRP-3. We tested: 1) EGF induced oncogenic phenotype in
transformed cells; 2) EGF triggered transient increases in [Ca
2+]i
in 3T3; 3) EGF inhibition of hair follicle appearance in explants of
embryonic ectoderm.
A clone (nu17) of NIH 3T3 cells that over-expresses the EGF
receptor [13,14] undergoes EGF-dependent focal transformation
and generates colonies in soft agar in the presence of EGF. As
expected, twenty days after plating, EGF induced the formation of
clearly visible colonies in agar, in a concentration-dependent way
(Fig. 3A, B). This effect was inhibited by incubation of cells in
sFRP-3-containing agar (Fig. 3C, D). The grade of inhibition
correlated with the percentage of sFRP-3 containing medium used
for agar preparation. The inhibitory effect of sFRP-3 was also
evaluated by assessing EGF-dependent focal transformation
(Fig. 3E–H). EGF induced a concentration-dependent formation
of foci (Fig. 3E, F) that was inhibited by incubation of cells in the
presence of sFRP-3 containing medium (Fig. 3G, H).
sFRP-3 specifically inhibits acute, EGF-induced changes in
Ca2+ homeostasis
The above results suggest that sFRP-3 interferes with the EGF
signaling pathway. To test whether the interaction may be direct,
we investigated a rapid effect of EGF, i.e. increases in [Ca
2+]i that
are transient and occur within seconds after growth factor
administration [15]. T17 cells were loaded with the Ca
2+-sensitive
dye fura-2, and peak [Ca
2+]i variations induced by increasing
concentrations of EGF in the presence of medium conditioned by
either sFRP-3-expressing or not expressing (control) cells were
recorded. As shown in Figure 4A, the medium conditioned by
sFRP-3-expressing cells, but not the control medium, inhibited the
EGF-induced [Ca
2+]i increases. These cells exhibit [Ca
2+]i
responses also when stimulated with PDGF and FGF, the P2Y
receptor agonist UTP, the endo-sarcoplasmatic reticulum Ca
2+
pump inhibitor thapsigargin or the Ca
2+ ionophore ionomycin
[15]: [Ca
2+]i increases induced by these molecules were not
affected by sFRP-3 conditioned medium, indicating that the effect
on the EGF evoked response is selective (Fig. 4B).
We then checked if sFRP-3 might affect EGF-induced
phosphorylation of key signal transduction proteins in vitro.A s
shown in panel A of Figure S1, the addition of sFRP-3-CM to
NIH-3T3 cells during EGF stimulation reduced both AKT and
MAPK phosphorylation, further indicating that sFRP-3 interferes
with EGF signaling pathway. This reduction was not observed in
the case of bFGF stimulation (Fig. S1B).
sFRP-3-EGF Antagonism
PLoS ONE | www.plosone.org 2 June 2008 | Volume 3 | Issue 6 | e2471Figure 1. sFRP-3 modifies cytoskeleton and reduces proliferation of C3H10T1/2 fibroblast. Morphology of C3H10T1/2 cells infected with
vectors expressing puro cDNA (A), sFRP-3 cDNA (C), Wnt-1 cDNA (E). When stained for F-actin with falloidin (see Materials and Methods) both control
cells (B) and Wnt-1 expressing cells (F) showed well organize stress fibers, whereas sFRP-3 expressing cells (D) showed membrane ruffles, filopodia
and disorganized actin fibers. (G) Growth curves for control, Wnt-1 and sFRP-3 expressing cells. Cells were plated at an initial density of 2610
4 cells/
60 mm dish in DMEM 5% FCS and re-fed on day 2 and 4. Cell numbers were measured by detaching cells with trypsin and counting triplicate samples
sFRP-3-EGF Antagonism
PLoS ONE | www.plosone.org 3 June 2008 | Volume 3 | Issue 6 | e2471sFRP-3 reverts EGF-induced inhibition of hair follicle
formation in the embryonic ectoderm
We then tested the ability of sFRP-3 to counteract also one
complex biological activity of EGF in vivo. In the embryonic
ectoderm, hair follicles form at E14.5 dpc: this process also occurs
in tissue explants in vitro and EGF is known to inhibit follicle
appearance when added to the culture medium [16]. In ectoderm
explants grown in control medium we observed the appearance of
numerous hair follicles (arrows in Fig. 5A). This was not the case in
the presence of EGF (Fig. 5B). sFRP-3 alone did not influence
follicle appearance (Fig. 5C) but it reverted EGF-induced
inhibition of hair follicle (Fig. 5D) so that the number of follicles
that formed in the presence of both molecules was similar to that
formed in medium alone.
These data clearly demonstrate that sFRP-3 blocks all the
biological actions of EGF on proliferation, cell signaling, and
morphogenesis that we have tested.
EGF blocks specifically the effect of sFRP-3 in Xenopus
embryos
We then tested whether EGF may conversely interfere with the
effects of sFRP-3. sFRP-3 mRNA injection in Xenopus embryos
inhibits trunk elongation and skeletal muscle formation [8]. We first
demonstrated that mouse sFRP-3 is able to induce the same effect as
the Xenopus homolog (Fig. 6A, B). We then co-injected sFRP-3 and
EGF mRNAs into four cell stage Xenopus embryos: the results of
this experiment showed a reversion of sFRP3-induced phenotype in
most of the co-injected embryos (Fig. 6C). Using a 2-fold excess of
Figure 2. sFRP-3 inhibits proliferation induced by EGF. (A–D) Effect of growth factors on sFRP-3 expressing C3H10T1/2 cells. Growth curves of
C3H10T1/2 cells (A) and sFRP-3 expressing C3H10T1/2 (B) cultivated in 2% horse serum (HS)6specific growth factors. Cells grown in 20% FCS or 2%
HS alone represented positive and negative control respectively. At the time points indicated, cells were fixed and stained with 0.1% crystal violet
solution as described in the Materials and Methods. Dose-dependent effect of EGF on control (C) and sFRP-3 expressing C3H10T1/2 cells (D).
doi:10.1371/journal.pone.0002471.g002
for each point. (H) C3H10T1/2 cells stably transfected with sFRP-3, Wnt1 expression vector or empty vector as control (C), maintained in DMEM 10%
FCS, were starved in DMEM serum free medium. After 24 serum was added again to the medium and cells analyzed for their DNA content by flow
cytometry after Propidium Iodide, staining after 0, 18 and 20 h. Representative plots are shown in the upper panel for the three cell lines at t0 (upper
plots) and t18 (lower plots).
doi:10.1371/journal.pone.0002471.g001
sFRP-3-EGF Antagonism
PLoS ONE | www.plosone.org 4 June 2008 | Volume 3 | Issue 6 | e2471EGF mRNA concentration (4 ng sFRP-3 and 8 ng EGF) the rate of
shortened embryos was significantly reduced (from 65,3% shortened
embryos n=149, to 9,9% n=127, as shown in Fig. 6K). Staining of
sFRP-3-injected embryos with anti-sarcomeric myosin antibody
revealed a drastic reduction of the parietal muscles and disruption of
the myotome pattern in comparison with control, un-injected
embryos (Fig. 6D, E, G, H). However, co-injection of sFRP-3 and
EGF mRNAs caused a recover of the chevron like organization of
the trunk/tail skeletal muscle and fully restored parietal muscles
differentiation (Fig. 6F and 6I).
Figure 3. sFRP-3 inhibits proliferation EGF-dependent foci formation. (A–D) sFRP-3 inhibits the EGF-induced colony formation and focal
transformation of EGF-receptor over-expressing NIH 3T3 cells. EGF-dependent cell growth in soft agar. NIH3T3 clone 17 cells suspended in agar
containing normal medium and treated with either 100 ng/ml (A) or 50 ng/ml (B) of EGF formed clearly visible colonies. The effect of EGF was
inhibited in cells suspended in agar containing a 1:1 mixture of normal medium and sFRP-3-containing medium (CM) (C) or the sFRP-3-CM alone (D).
Photographs were taken after 20 days of growth at 26magnification. Insert in D shows a 206magnification of one colony; insert in H shows the
results obtained by counting the colonies in 3 independent, reproducible experiments6SE. Error bars represent s.e.m. Triple asterisks, P,0.001 vs
EGF. (E–H) EGF-dependent focal transformation. NIH3T3 clone 17 cells cultured for 10 days in normal medium containing 100 ng/ml EGF (E) or 50 ng/
ml EGF (F) formed foci. This focal transformation was inhibited incubating the cells in a 1:1 mixture of normal medium and sFRP-3-CM (G) or the sFRP-
3-CM alone (H). Photographs were taken after 10 days of growth at 106magnification. Insert in H shows the results obtained by counting foci in 3
independent, reproducible experiments6SE. Error bars represent s.e.m. Triple asterisks, P,0.001 vs EGF.
doi:10.1371/journal.pone.0002471.g003
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ability of mFGF8 [17] to revert sFRP-3 phenotype. As reported
[18], XeFGF mRNA injection induces embryo posteriorization
(2 pg, data not shown), with a lack of anterior structure such as
head and eyes. The same phenotype was observed when we co-
inject mFGF-8 with sFRP-3 coding mRNAs (4 ng and 8 ng
respectively), together with the sFRP-3-induced shortening of the
embryo (Fig. 6J), indicating that mFGF-8 is not able to revert the
sFRP-3 phenotype. Thus we can conclude that the recovery of
shorten embryo injected by sFRP-3 mRNA is EGF specific. These
results show that the interaction between sFRP-3 and EGF occurs
also in vivo in Xenopus embryos.
EGF reverts sFRP-3-induced inhibition of axis truncation
and somitic myogenesis in the mouse embryo
We previously showed that sFRP-3 reversibly inhibits myogen-
esis in explants of pre-somitic mesoderm of mouse embryos [19].
We therefore differentiated explant cultures of pre-somitic
mesoderm (with its associated neural tube and surface ectoderm)
in the presence of sFRP-3 conditioned medium and increasing
concentration of EGF. Differentiated, myosin positive, muscle cells
were observed in control explants (not shown) but not in explants
cultured in the presence of sFRP-3 (Fig. 7A). EGF (which by itself
had no effect: not shown) caused dose-dependent reappearance of
differentiated, myosin positive myocytes (Fig. 7B–D). Thus EGF
reverts sFRP-3-induced inhibition of somitic myogenesis. We had
also shown [20] that trans-placental delivery of sFRP-3 caused an
axis truncation in the mouse embryos similar to what observed in
Xenopus, similarly inhibiting skeletal myogenesis. To test whether
these effects could also be reverted by EGF, we performed
transplacental delivery of the two proteins throughout simulta-
neous injection of WOP cells that stably expressed either sFRP-3
or EGF. As previously demonstrated, sFRP-3 delivered at the
onset of the materno-fetal circulation induced a significant axis
truncation (compare Fig. 7F, G with 7E) that what reversed when
we co-injected WOP cells that express sFRP-3 together with WOP
cells that express EGF: in such a case 75% of the embryos display
normal morphology (Fig. 7J–L). Importantly, sFRP-3 phenotype
could not be rescued by the injection of FGF8-expressing WOP
cells (Fig. 7H, I), indicating that EGF reverts morphogenetic
alterations induced by sFRP-3 in a specific manner, also in vivo.
Similarly, in vivo inhibition of myogenesis by sFRP-3 was reverted
by EGF but not by FGF8 (data not shown).
EGF-mediated inhibition of sFRP-3 is Wnt-independent
As sFRP-3 is a known inhibitor of Wnts, the possibility exists
that EGF blocks its activity by stimulating the expression of Wnts
in target cells. To test this hypothesis, we analyzed the expression
of Wnts in C3H10T1/2 cells, embryonic skin and somites explants
cultured for 24 h in vitro in the presence of EGF. To this aim, we
used a PCR array kit containing 84 Wnts and Wnt-pathway genes
(SuperArray Bioscience Corporation, see Materials and Methods
for details). All Wnt genes tested are expressed at very low level in
C3H10T1/2 cells, skin and somites explants (Fig. 8, panels A, B,
C). Moreover, none of the Wnt genes are induced upon 24 h of
EGF stimulation. Indeed, very few genes of this family are
modulated upon EGF stimulation, mostly in a down-regulation
manner (Fig. 8D; see Table S2 for complete C3H10T1/2 array
results, n/a for skin and somites explants). We can thus conclude
that the EGF-mediated inhibition of sFRP-3 observed in vivo is
Wnt-independent, suggesting a direct interaction between EGF
and sFRP-3 molecules.
sFRP-3 binds EGF in vitro
We tested the ability of sFRP-3 to bind EGF in vitro by
performing co-immunoprecipitation (co-IP) experiments. For this
purpose, sFRP-3-HA protein was first immunopurified with an
anti-HA affinity matrix (Covance) from the conditioned medium
(CM) of 293T cells transfected with sFRP-3-HA plasmid and then
incubated with recombinant EGF, followed by the addition of a
non-cleavable, cross-linking reagent (DTSSP). The putative cross-
linked complexes were then analyzed by SDS-PAGE. As shown in
Figure 9A, we detected a clear cross-linked sFRP-3-HA/EGF
complex with anti-EGF antibody only when EGF was incubated
with the sFRP-3-HA protein (lane 6). The molecular weight of this
complex (arrow in panel A) corresponded to the expected mass of
sFRP-3-HA protein (37 KDa, upper band in lane 2) plus EGF
protein (6 KDa, lane 3). The presence of a second band of lower
molecular weight in the immunopurification (20 KDa, lower band
in lane 2) might correspond to a partial degradation of sFRP-3-HA
protein. Notably, also this product forms a complex of higher
Figure 4. sFRP-3 inhibits the EGF-induced [Ca
2+]i variations in
EGFR-T17 cells. Fura-2 loaded cells, suspended in KRH medium, were
incubated with medium conditioned (CM) either by sFRP-3-expressing
or not expressing cells, and challenged with increasing concentrations
of EGF (A), or submaximal concentrations of FGF (10 nM), PDGF (1 nM),
UTP (10 mM), thapsigargin (Tg, 10 nM) or iomomycin (Iono, 1 mM) as
indicated (B). Shown are the [Ca
2+]i changes6s.e.m. measured as %
increases over resting [Ca
2+]i values (n=4). These were 136612 nM and
were not changed by the addition of sFRP-3 CM or control CM.
doi:10.1371/journal.pone.0002471.g004
sFRP-3-EGF Antagonism
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panel A), indicating that it is specifically recognized by the anti-
EGF antibody. We next performed a direct in vitro binding
experiment between EGF and purified sFRP-3 by incubating
sFRP-3-HA or HA peptide with increasing amount of EGF.
Following DTSSP cross-linking, the resulting complexes were
analyzed by Western Blot with the anti-HA antibody. Figure 9B
shows that EGF binds sFRP-3 directly in vitro, giving rise to the
same sFRP-3-HA/EGF complex previously described (arrow in
panel B, lanes 1–4). The amount of sFRP-3-HA/EGF complex
increased with increased EGF concentration. We also detected a
second complex of approximately 75 kDa which could be
explained by the ability of sFRP-3 protein to form dimers, as
previously described [21]. Similarly to the smaller one, the amount
of this second complex appears to be EGF dose-dependent,
suggesting that EGF could induce sFRP-3 dimerization. DTSSP
cross-linking demonstrates in vitro short range interaction between
molecules but does not mimic a natural embryonic environment.
To address this issue, heparin beads (mimicking heparan sulfate)
were loaded with EGF and then incubated with increasing amount
of sFRP-3-HA conditioned medium. The presence of bound
sFRP-3 was then analyzed by western blot as described before.
Figure 9C shows that sFRP-3 binds specifically to EGF in a dose-
dependent manner (lanes 1–4), while neither FGF8-loaded nor
control beads are able to bind sFRP-3 (lane 5 and 6, respectively).
To better understand the nature of the two proteins interaction,
we performed binding experiments using luminescence spectrom-
etry. The EGF/sFRP-3 interaction was studied by measuring
changes in the absorbance spectrum of Alexa488-conjugated EGF,
which gives stable and reproducible absorbance spectrum [22], in
the presence of increasing amount of recFRP3. Addition of sFRP-
3 to EGFAlexa488 caused a significant change in the EGFA-
lexa488 spectrum, i.e. a decrease in the absorbance value, in
particular at emission peak=517 nm (Fig. 9D, E). Interestingly,
this decrement appeared to be sFRP-3 dose-dependent, as it
diminished at increasing amount of sFRP-3 (Fig. 9D). To test the
specificity, we performed a competition assay by adding native
EGF (at a 10 fold molar excess) to EGFAlexa488 prior to the
addition of sFRP-3 (at a 4 fold molar excess). In these conditions,
the EGFAlexa488 absorbance value decreased of approximately
10 units at emission peak in the presence of sFRP-3, whereas it
diminished of 7 units when native EGF was added before sFRP-3
(Fig. 9E). This difference likely depends upon a competition
between the two types of EGF molecules for sFRP-3 binding,
supporting the specificity of EGF/sFRP-3 interaction.
Membrane-anchored sFRP-3 confers EGF binding to CHO
cells
We finally tested the ability of sFRP-3 to bind EGF in the extra-
cellular space. For this experiment, we generated a fusion protein
in which FRP-3-HA was exposed to the extra-cellular compart-
ment and anchored to the plasma membrane via the fused CD4
trans-membrane moiety. CHO cells, that lack EGF receptor [23],
were transiently transfected either with pCS2FRP3-HACD4 or
pTWEENFRP3-HACD4 constructs that contain the FRP3-HACD4
DNA sequence downstream the CMV promoter, or upstream the
PGKEGFP cassette, respectively. Cell surface expression of the
FRP3-HA- or FRP3-GFP- fusion protein was confirmed by
immunofluorescence staining with anti-HA antibody (Fig. 10A, C)
or GFP expression (Fig. 10D, F). Specific binding of EGF in the
extra-cellular space was then tested by incubating CHO
transfected and control cells with Alexa488-conjugated EGF
Figure 5. sFPR-3 and EGF reciprocal antagonism on hair follicle development. (A–D) sFPR-3 antagonizes the EGF effect rescuing the hair
follicle formation in an organ culture of developing mouse skin. Ectoderm explants growth for 48 hours in control medium (A) or in control medium
supplied with 7 mg/ml sFRP-3-HA (C), showing normal hair follicles differentiation (black arrows). (B) Ectoderm explants growth in organ culture in
medium supplied with 100 ng/ml recombinant EGF for 48 hours, lacking hair follicle differentiation. (D) The co-treatment with EGF and sFPR-3 rescue
the hair follicle formation (black arrow).
doi:10.1371/journal.pone.0002471.g005
sFRP-3-EGF Antagonism
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direct visualization of EGFAlexa488 (Fig. 10C) on control and
transfected cells revealed co-localization of HA and EGFAlexa488
at membrane surface of one out of four transfected cells (arrow),
but in none of control cells. Alternatively, pTWEENFRP3-HACD4
transfected cells (Fig. 10D) were incubated with a recombinant
mouse EGF followed by the addition of the non-cleavable, cross-
linker DTSSP. Staining with anti-EGF antibody (Fig. 10E) in
combination with direct visualization of GFP showed that in this
case virtually all transfected cells bind EGF in the extra-cellular
space (Fig. 10F). A single FRP-3/GFP positive cell binding EGF
on the surface is shown at high magnification in Fig. 10G–I. The
higher number of FRP-3 expressing cells that bind EGF on the cell
surface in the presence of the DTSSP cross-linker is a strong
indication of a low affinity interaction.
Discussion
The elucidation of the sequence of sFRP proteins immediately
suggested their possible function. A highly conserved, cystein rich
domain (CRD), presumed to bind Wnts, in the absence of a trans-
membrane domain represents the structural requirement for a
dominant negative molecule. It was thus suggested that sFRP-3 may
sequester Wnts in the extra-cellular space and prevent binding to the
Frizzled membrane receptors [8]. How this may occur in molecular
terms is not yet completely understood but the recent elucidation of
sFRP-3 crystal structure led to identify a Wnt-binding site in the
CRDs exhibiting a conserved dimer interface that may be a feature
of Wnt signaling [24]. Indeed, all the initial reports describing the
biological effects of sFRP-3 in different developmental processes
supported this hypothesis [8,20,25,26]. However, it was recently
reported that sFRP-3 unexpectedly increased osteoblast differenti-
ation through a b-catenin-independent pathway in addition to its
previously known function as a decoy receptor for Wnts [27].
The novel and unforeseen finding reported here is the
antagonism between sFRP-3 and EGF. While studying the effects
of sFRP-3 on mouse fibroblasts expressing Wnt-1, we noticed that
sFRP-3 also inhibited proliferation of control fibroblasts that do
not express Wnt-1 or any other Wnts at significant levels. We thus
wondered whether sFRP-3 could exert its inhibitory effect by
interfering with response to different growth factors. The results
clearly indicated that sFRP-3 expressing cells did not proliferate in
response to EGF while responding to the other growth factors
exactly as their control counterparts. The specificity of the
interaction between sFRP-3 and EGF was assessed further in
another cell type, NIH-3T3 cells, where we could test a specific
acute effect induced by these growth factors, i.e. the increase in
[Ca
2+]i [15]. sFRP-3 was found to selectively counteract the effect
of EGF on [Ca
2+]i increases, while not affecting the increase in
[Ca
2+]i induced by FGF, PDGF or other stimuli that modify
[Ca
2+]i. This confirmed the specificity of interaction and also
showed that the effect is probably direct since it acts in a period of
few seconds, leading to inhibition of downstream transduction
effectors. There is abundant evidence of multiple cross-talks
Figure 6. EGF specifically antagonizes sFPR-3 effects in Xenopus embryos. (A) Lateral view of a normal embryo at stage 28/29 NF un-injected.
(B) Embryo injected with 4 ng of mouse sFPR-3 mRNA at stage 28/29 NF, showing a remarkable shortened of the trunk and the tail and a reduced muscle
differentiation. (C) Rescue of the shortened phenotype by co-injection of 4 ng of sFPR-3 and 8 ng of EGF mouse mRNAs. (D–I) Whole mount
immunostaining with 12–101 specific amphibians muscle monoclonal antibody, peroxidase detected. (D) Normal embryo un-injected at stage 35/36 NF,
showingblack labelinginthe trunkandtailmuscles andintheparietalmuscle(black arrow).(E) InjectedembryowithmousesFPR-3mRNAatstage35/36,
presenting a shortened trunk and a kinky tail; furthermore the parietal muscles (black arrow) are remarkably reduced. (F) Rescue of the shortened kinky
phenotype, showing completely restored muscle differentiation also in the parietal muscle (red arrow). (G–I) High power magnification respectively of D–
F, showing in detail the chevron like organization of the tail muscles of un-injected normal larvae (G), missing in the sFRP-3 treated tadpole tail (H) and
restored in the co-injected larvae with EGF mouse mRNA (I). (J) Lateral view of a co-injected embryo with 4 ng of sFRP-3 and 8 ng of FGF-8 mouse coding
mRNAs, showing no rescue of the sFRP-3 phenotype. (K) Quantization of multiple injections (n=3) showing the rate of the phenotype rescue by co-
injection with 8 ng of EGF mouse mRNA after the injection of sFPR-3 (asterisk indicates statistical significance P,0.001).
doi:10.1371/journal.pone.0002471.g006
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Drosophila and in vertebrates [28–34]. However this is the first
evidence of a direct effect of sFRP-3 on EGF activity in
mammalian cells.
Because of this novel observation, we investigated whether other
biological activities of EGF could be neutralized by sFRP-3. Under
certain conditions EGF induces morphological transformation and
adhesion independent growth of mouse cells. When mouse 3T3
fibroblasts over-expressing the EGF receptor are exposed to EGF
they acquire the ability to grow in soft agar and to form
transformed foci on plastic. Both these activities were completely
abrogated by sFRP-3 in a dose-dependent fashion. We then tested
EGF-sFRP-3 interaction in a morphogenetic assay where EGF
inhibits hair follicle development that occurs spontaneously in
organ cultures of embryonic ectoderm. Strikingly, sFRP-3 reverted
this inhibitory activity by causing the appearance of a normal
number of follicles in the presence of EGF, without any effect on
its own. Thus, all the biological activities of EGF that we have
tested are blocked by sFRP-3 in a dose dependent way. However,
EGF may induce synthesis of some Wnt in target tissues and thus
Figure 7. EGF reverts sFRP-3-induced inhibition of somitic myogenesis. (A–D) EGF reverts sFRP-3-induced inhibition of somitic myogenesis
in explant cultures. MyHC antibody staining on explants cultures of presomitic mesoderm from E9.5 Myf5a2 embryos in the presence of sFRP-3 and
EGF proteins. Mesoderm differentiation, which is almost completely abolished in the presence of sFRP-3 protein (A), is partially to fully restored when
increasing amount of EGF are added to the culture (B–D: 50, 100 and 200 ng/ml), as revealed by the increasing number of positive MyHC fibers. (E–M)
EGF rescues inhibition of myogenesis induced by sFRP-3 in vivo. (F,G) Transplacental delivery of s-FRP3 causes severe malformations of the caudal
region of injected embryos. (J–L) Normal embryo morphology is restored when sFRP-3 is co-injected together with EGF, but not with FGF (H; I). (E)
Control not-injected embryo. (M) Quantification of injected embryos with their relative phenotype in 3 independent, reproducible experiments.
doi:10.1371/journal.pone.0002471.g007
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action on EGF-induced Wnt genes. Several indirect evidence
argue against this possibility: (i) sFRP-3 inhibits EGF-stimulated
Ca2+ uptake in a time-frame that precludes induction of Wnt
transcription, translation and secretion; (ii) in the Xenopus
experiments, EGF injection alone did not cause axis duplication.
Nevertheless, this possibility was formally ruled out by a detailed
analysis of Wnt family genes expressed by 10T1/2 fibroblasts,
ectoderm and somite explants which revealed that none of the 84
genes tested was induced by EGF.
On the other hand, the inhibition by sFRP-3 on EGF effects
could be explained by their direct interaction or by sFRP-3
binding to EGF receptor.
As a matter of fact, EGF protein is expressed in the neuro-
ectoderm and in the mesoderm contiguously to regions where the
sFRP-3 messanger is expressed: these include a ventral area of the
neural tube, the myotome and dermomyotome in somites and a
proximal area of the developing limbs (see Fig. S2). Testing this
hypothesis by classic knock out or morpholino loss of function
experiments is complicated by the fact that the effects of either
sFRP-3 or EGF cannot be analyzed separately from interaction
with their primary ligands. In fact, blocking sFRP-3 by Xenopus
morpholino injection experiments show a disorder in Wnt’s
pathways. The injected embryos present eye and fore brain
disorder due to the lacking of antagonism (sFRP-3) to inhibit the
posteriorizing effects of Wnt’s signals (see Fig. S3), as already
demonstrated in Xenopus and other vertebrates for several Wnt’s
antagonists [35–38]. However, in the Xenopus ectoderm, where
Wnts are not known to be expressed, ablation of sFRP-3 caused a
delay in the cement gland differentiation (see Fig. S4). This
adhesive organ, that allows the Xenopus embryo to attach to
objects in the water by secreting mucus, arise from the ectoderm
that forms a pseudo-stratified columnar epithelium expressing
cytokeratins by stage 28/29 NF [39]. Thus, the delay in ectoderm
differentiation induced by ablation of sFRP-3 during the cement
gland development suggest a role of sFRP-3 in regulating EGF-
induced proliferation that maintains the ectoderm in an
undifferentiated state.
Moreover, in gain of function experiments, we show that in the
large majority of sFRP-3 treated embryos co-injection of EGF can
restore a normal axis, whose elongation is blocked by sFRP-3. In the
mouse embryo, where sFRP-3 affects axis elongation similarly to its
effect in Xenopus [20], the concomitant transplacental delivery of
both sFRP-3 and EGF (but not of FGF8) restored a normal embryo
morphology in the majority of the embryos and also restored sFRP-
3-dependent inhibition of myogenesis as it does in vitro.
All these data indicate a reciprocal interference between sFRP-3
and EGF in all the assays that we have used, both in Xenopus and in
mouse.Themostlikelyexplanationforthesephenomenaisaphysical
interaction of the two proteins, possibly involving their CRD.
Examples of non canonical protein-protein interaction have
been reported to play a significant if not a major role in tissue and
organ morphogenesis. For example, the Cerberus protein
functions as a multivalent growth factor that antagonizes Nodal,
BMP and Wnt proteins by direct interaction in the extra-cellular
space, via independent binding sites [40]. Also, Chordin
Figure 8. Wnts expression profile in C3H10T1/2 and embryonic
explant cultures. Wnt genes expression in C3H10T1/2 fibroblast
(panel A), somites (panel B) and embryonic skin (panel C). Histograms
represent the relative expression level for each gene in control (red
bars) and EGF-treated (blue bars) samples, as calculated with the 2
^
(2D Ct) formula in comparison with the housekeeping genes
Hsp90ab1, Gapdh and Actb (see Materials and Methods for details).
(Panel D). EGF-modulated genes in C3H10T1/2 fibroblast, somites and
embryonic skin. For genes description, see Table S2.
doi:10.1371/journal.pone.0002471.g008
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blocking binding to their receptors. Chordin, which is able to
dorsalize mesoderm and to neuralize ectoderm, binds to BMP-4
with high affinity but not to activin or TGF-b1 [41]. Very recently
it was shown that PDGFbb binds to the VEGF receptors and
affects VEGF-dependent in vitro proliferation [42].
Therefore, this newly described interaction is not unprecedented
but still raises questions on its possible significance during vertebrate
embryogenesis. It should be noted that the binding affinity is low,
which made it difficult to document specificity, but this fact has
probably a significance. We propose that a low affinity binding for a
relatively abundant moleculesuch as sFRP-3may represent a wayto
prevent ligand diffusion outside of its domain of action.
It is important to underline that in Drosophila morphogenesis
manyfatechoicedecisionsaredictatedbyacompetitionbetweenthe
Wg and the EGFR signaling pathways. For example, cells in the
Drosophila eye are resistant to apoptosis induced by activated
Armadilloforalongperiodpriortotheonsetofcelldeathatthemid-
pupal stage. This latency is due to EGF receptor (EGFR)/MAP
kinase signaling since when it naturally ceases, the cells rapidly die.
Thus, activated Armadillo is subject to a specific negative control by
EGFR/Rolled MAP kinase signaling [43]. Furthermore, in the
ventral epidermis Wingless signaling specifies smooth cells that
produce naked cuticle, whereas the activation of the Drosophila
epidermal growth factor receptor (DER) leads to the production of
intercalating cells with cytoplasmic extrusions known as denticles.
The DER pathway promotes denticle formation by activating svb
expression that is known to induce, cell autonomously, cytoskeletal
modifications producing the denticles [33]. Conversely, Wingless
promotes the smooth cell fate through the transcriptional repression
of svb by the bipartite nuclear factor Armadillo/dTcf. Moreover
recent findings show the existence of a cortical region (cortical
antihem) in which EGF family members and the secreted Wnt
antagonist sFRP-2 are co-expressed [44].
Figure 9. sFRP-3 binds EGF in vitro. (A) Co-IP of sFRP-3-HA and EGF. Supernatant from 293 cells transfected with control plasmid (lanes 1, 4) or
purified sFRP-3-HA (lanes 2, 5, 6) were incubated with mouse recEGF (lanes 4, 6), DTSSP cross-linked and analysed under non-reducing conditions.
Western blot analysis with anti-HA (lanes 1, 2) and anti-EGF antibodies (lanes 3–6) revealed the presence of EGF bound to sFRP-3-HA (lane 6), but not
in the control sample (lane 4). Note that the shift in molecular weight of the band(s) corresponding to sFRP-HA (lane 2) is due to EGF binding (arrow
and arrowhead in lane 6). Free mouse recEGF was used as positive control for the immunoblot (lane 3). (B) Dose-dependent binding of EGF to sFRP-3.
In vitro binding of increasing amount of EGF (100 ng, 200 ng, 400 ng and 600 ng,) to sFRP-3-HA (100 ng), followed by DTSSP crosslinking and
revealed by Western blot analysis with anti-HA. The amount of EGF/sFRP-3 complexes (lanes 1–4) correlates with the increasing amount of EGF. As
control for binding specificity, 100 ng of sFRP-3-HA alone (lane 5, not detectable) were cross-linked and revealed as before. (C) In vitro binding of
sFRP-3 to EGF-loaded heparin beads. Western blot analysis with anti-HA on proteins adsorbed on EGF-loaded (lanes 1–4), FGF8-loaded (lane 5) and
control beads (lane 6), following incubation with increasing amount of sFRP-3-HA supernatant (5–50 ml). sFRP-3 binds specifically to EGF, in a dose
dependent manner. (D) Binding affinity of EGF for sFRP-3. EGFAlexa488 fluorescent absorbance at emission peak (517 nm) decreases in relation of
increasing amount of sFRP-3. (E) Competition assay. Absorbance scanning from emission value 505 nm to 540 nm of EGFAlexa488 (green curve). A
decreasing of the emission peak (517 nm) is shown in relation to EGFAlexa488/sFRP-3 interaction (red curve). By adding native egf to EGFAlexa488
prior to the incubation with sFRP-3, the absorbance reduction of the emission peak was smaller (blue curve).
doi:10.1371/journal.pone.0002471.g009
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development outlines a previously unknown developmental
mechanism; it also opens a new area of investigation on the
specific role of such interaction in the development of vertebrate
neuroectoderm and mesoderm.
Materials and Methods
Cell culture and proliferation assay
C3H10T1/2 fibroblasts, Bosc23 packaging cells, 293FT and
NIH 3T3 cells overexpressing the EFG receptor (clone 17, 4610
5
receptor/cells) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco), supplemented with 10% fetal calf
serum (FCS, Gibco). CHO cells were grown in a-MEM (Gibco)
supplemented with 10% FCS.
To measure proliferation, 800–1200 cells/well were plated in 96-
well plates and kept overnight in DMEM containing 2% horse
serum, before shifting the cells to the same medium supplemented
with the specific growth factor (day 0): EGF (100 ng/ml, Sigma),
bFGF (10 ng/ml), PDGF-BB (0.4 nM) or HGF (20 ng/ml). The
culturemedium waschangedevery48 hours.At different times,cells
were fixed and stained in 0.1% crystal violet solution in 200 mM 4-
morpholinoethanesulfonic acid, pH 6. Cell number was calculated
from a calibration curve (cell number/OD 600 nm) done under the
same conditions [45]. In another set of experiments 10
6 C3H10T1/
2 cells,wtorexpressing Wnt1orsFRP-3(seebelow),and maintained
in DMEM 10% FCS, were starved in DMEM serum free medium.
After 24 serum was added again to the medium and cells analyzed
for their DNA content by flow cytometry after Propidium Iodide
staining, after 0, 18 and 20 h.
Conditioned medium (CM) was prepared as described [8].
Briefly, 293FT cells were transiently transfected with sFRP-3-HA
plasmid and culture medium was collected from cells 5 days after
transfection. For cell culture experiments CM was used undiluted
(SFRP3 100%) or diluted 1:2 with culture medium (SFRP3 50%),
and additionated with growth factors prior to be added to cells.
Western blot analysis
Western blot analysis was performed as described [46], using the
following antibodies: tubulin B-5-1-2 (Zymed); HA (Babco); EGF
(Sigma); AKT; P-AKT; MAPK; P-MAPK (Cell Signalling).
Reactive proteins were detected with horseradish peroxidase-
conjugated secondary antibodies and visualized with the enhanced
chemioluminescence detection Kit (Amersham International PLC).
Growth in soft agar and foci formation
Growth in soft agar and foci formation efficiency of NIH 3T3
cells clone 17 cells in the presence of increasing concentration of
EGF (Calbiochem) in presence or absence of sFRP-3 conditioned
medium were evaluated according to [47].
[Ca
2+]i measurement
NIH 3T3 clone 17 cells were suspended in KRH medium [15]
at pH 7.4 and loaded with the Ca
2+-sensitive dye, fura-2, for
30 min at 25uC and kept at 37uC until use. The experiments were
initiated by incubating cell aliquots (2610
6 cells in 750 ml) with
Figure 10. Membrane-anchored FRP-3 binds EGF at the cell surface. (A–C) Antibody staining for HA (in red, A,C) in CHO cells transfected with
pCS2FRP3-HACD4 shows FRP-3 expression on the cell surface. Upon administration of EGFAlexa488, EGF expression (green) is detectable only on
whole intact CHO cell expressing FRP-3, but not on control cells (C). Star in panel B shows non-specific EGF binding on necrotic cell. Double labelling
for HA and GFP shows co-localization of FRP-3 and EGF at the cell surface (arrow in C). (D–I) Anti-EGF antibody staining (in red) on FRP-3GFP CHO cells
transfected with pTWEENFRP3-HACD4. (D–F) Upon DTSSP cross-linking all CHO cells that express FRP-3CD4 (green staining in D) bind EGF at the
membrane surface (red staining in E and merged colour in F). (G–I) 406magnification of a single CHO cell that expressed FRP-3GFP (in green) and
bind EGF (in red). Double labelling for GFP and anti-HA in panel I shows the two proteins interaction occurs at the membrane surface.
doi:10.1371/journal.pone.0002471.g010
sFRP-3-EGF Antagonism
PLoS ONE | www.plosone.org 12 June 2008 | Volume 3 | Issue 6 | e247110 ml of medium conditioned either by sFRP-3-expressing or not
expressing cells for 15 min at 37uC. Cells were subsequently
centrifuged and resuspended in KRH supplemented with 250 mM
sulfinpyrazone to prevent dye leakage. To measure the variations
in the intracellular Ca
2+ concentration ([Ca
2+]i) induced by EGF,
FGF, PDGF, UTP, ionomycin or thapsigargin, the samples were
transferred to a thermostatted cuvette (37uC), maintained under
continuous stirring, and analyzed in a Perkin Elmer LS-50B
fluorimeter as described [15].
EGF pathway activation
NIH 3T3 clone 17 cells were stimulated with EGF or bFGF in
presence or absence of sFRP-3 conditioned medium for 309 or 609.
Phosphorylation of AKT and MAPK was detected by western blot
analysis using P-AKT and P-MAPK specific antibodies.
Retrovirus preparation and viral infection
The mammalian retroviral vector pBABE-puro was used to
construct and express full-length murine sFRP-3 and Wnt-1. sFRP-
3 cDNA was generously provided by L. Leyns [8] and Wnt-1
cDNA by J. Papkoff [48].
Recombinant retroviruses were generated by pEI (polyethyle-
nimine Aldrich 40872-7) transfection of retroviral construct into
Bosc23 packaging cells as previously described [49]. Two days
later the viral supernatants were harvested, filtered and used to
infect the cells for three hours in the presence of 8 mg/ml of
polybrene (Sigma). 24 hr later the cultures were selected in 2 mg/
ml of Puromycin (Sigma). Individual clones were isolated and
expanded.
RNA synthesis
Synthetic capped sFRP-3, EGF and FGF8 mRNAs were
obtained from linearized pCS2mFRZB-HA, pCMV-SPORT6/
EGF (IMAGE clone 4164289, from Open Biosystems) and
pCS2FGF8 [17] plasmids, using the mMESSAGE mMACHINE
kit (Ambion), according to the instruction manual.
Xenopus embryo manipulation and whole mount
immunostaining
Xenopus laevis embryos were obtained by standard procedures
and staged according to Nieuwkoop and Faber (NF) [50], cultured
in Normal Amphibian Medium (NAM) at 24uC. The embryos
were microinjected in one blastomere at 4-cell stage in Petri dishes
coated with 1.5% noble agar and then cultured in NAM/10. For
immunofluorescence and whole mount immunostaining embryos
were treated according to [51]. For muscles labelling we used 12–
101 monoclonal antibody [52] and for cytokeratins labelling we
used Cytokeratins Wide Spectrum (Dako).
Placenta injection of WOP cells
WOP (Without Origin of Polyoma DNA replication) cells were
stably transfected with pCMV-SPORT6/EGF (IMAGE clone
4164289, from Open Biosystems), pcDNA3/sFrzb-3 [20] or
pCS2FGF8 [17] vectors with Fugene (Roche), following the
manufacturer instructions. 5610
5 cells in 5 ml of PBS were
injected into the maternal side of the placenta through the uterine
wall, as previously described [20]. Usually, one uterine horn of the
embryos at approximate age of E9.5 was injected, in order to
avoid massive embryo abortion.
Explants culture
Pre-somitic mesoderm explants from Myf5a embryos [53] at
E9.5 dpc (20–24 somites) were cultured as previously described
[54,55]. After fixation in 4% paraformaldehyde, explants were
analyzed for myosin heavy chain expression by immunofluores-
cence. Ectoderm explants were obtained from CD1 embryos at
E13.5 as previously described [16]; after culture the explants were
fixed in 4% paraformaldehyde and paraffin sectioned. Skin
sections were stained with standard hematoxylin-eosin coloration
and then analyzed for hair follicle differentiation under the
microscope. For RT-PCR experiments, E9.5 somites and E13.5
CD1 embryonic skin explants were cultured for 24 h in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco), supple-
mented with 2% horse serum (HS, Gibco) and 100 ng/ml EGF.
Wnt-pathway PCR-array
RNA was extracted from 10T1/2 cells, E9.5 somites and E13.5
ectoderm explants 24 h after culture with or without EGF by using
TRIzol (Invitrogen). Genomic DNA contamination was eliminated
by Dnase treatment by using Rneasy Micro Kit (Qiagen) and RNA
was retro-transcribed by RT
2 First Strand Kit (Bioscience
Corporation). Mouse Wnt Signaling Pathway RT2 Profiler PCR
Array (http://www.superarray.com/rt_pcr_product/HTML/
PAMM-043A.html) and RT2 Real-Timer SyBR Green/ROX
PCR Mix were purchased from SuperArray Bioscience Corpora-
tion. PCR was performed on iCycler (Thermal Cycler Biorad), with
the iQdetection system (Biorad). For data analysis theDDCtmethod
was used; for each gene fold-changes were calculated as difference in
gene expression between control and EGF-treated samples. A
positive value indicates gene up-regulation and a negative value
indicates gene down-regulation. The formula used to calculate the
relative gene expression level (2
^ (2D Ct)) is: DCt=Ct (GOI)2avg.
(Ct (HKG)), where GOI is each gene of interest, and HKG are the
housekeeping genes chosen for the ‘‘EGF-Control Gene’’.
Immunofluorescence
Immunofluorescence on cells and mesoderm explants was
performed as previously described [20], using the following
antibodies: HA (Babco), EGF (Sigma), MyHC [56]. Immunoflu-
orescence on mouse cryostat sections was performed as previously
reported [57] using the following antibodies: EGF (Sigma), nestin
(DHSB).
Production of sFRP-3CD4 chimeric protein
Construct for expression of CD4-anchored sFRP-3-HA protein
was prepared as following. The FRP3-HA coding sequence was
PCR-amplified from pCS2mFRZB-HA vector with a forward EcoRI-
flanked primer and a reverse XhoI-flanked primer where the stop
codon was replaced by an AflII site (59-CTACTCGAGACATTT-
CAGGATCTTAAGTCGTACTGGCCGGG-39). The FRP-HA
PCR fragment was then cloned EcoRI/XhoI into pBSK vector.
The trans-membrane domain of the hCD4, flanked by spacer
sequences and containing its stop codon, was PCR-amplified from
pCMV-SPORT6/CD4 with a forward primer containing an AflII
site (59-CTGCTGGAATCCAACCTTAAGGTTCTGCCCACA
TGGTCCA-39)a n dar e v e r s eXhoI-flanked primer (59-CAGACTC-
GAGGGAGGCTGCAAGTGGG ATCTGCC-39). The CD4
PCR product was AflII/XhoI double digested and then inserted into
pBsFRP-3-HA vector, fused in frame to the COOH-terminus of
FRP-HA. The FRP3-HACD4 fragment was then cloned EcoRI/XhoI
into pCS2 vector, downstream the CMV promoter, or XbaI/XhoI
into pRRL.CMV.cPPT.hPGK.EGFP.WPRE vector [58], upstream
the PGKEGFP cassette. We called these constructs pCS2FRP3-
HACD4 and pTWEENFRP3-HACD4, respectively. Cell surface
expression of CD4-anchored sFRP-3-HA protein was monitored by
immunofluorescence staining with anti-HA antibody or live GFP
expression.
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sFRP-3-HA protein was produced as previously described [46].
For protein purification, 10 ml of conditioned medium (CM) from
293FT cells transfected with sFRP-3-HA plasmid were incubated
with anti-HA affinity matrix (Covance) for 2 hours at 4uC. After
washing in PBS, biologically active sFRP-3-HA protein was
purified by competitive elution with 1mg/ml HA peptide (Roche).
In vitro binding, chemical cross-linking and Co-IP
1 mg of purified sFRP-3-HA protein was incubated with 1 mgo f
recEGF (Sigma) in PBS for 2 hours on a rocker at 4uC. 5 mM
DTSSP cross-linker (Pierce) was then added to the sample and the
reaction mixture was incubated for 1 hr at 4uC. Cross-linking
reaction was quenched by the addition of 20 mM Tris pH 7.5, for
15 min. The cross-linked product was immunoprecipitated with
an anti-HA affinity matrix (Covance) and then resolved on 4–12%
gradient SDS-PAGE (Invitrogen) in non-reducing conditions.
Immunoblot was performed as described above using the following
antibodies: HA (Babco), EGF (Sigma). For dose-dependent
binding experiment, 100 nM purified sFRP-3-HA (200 ng) or
100 nM of Ha peptide (Sigma) was incubated for 1 hr at 4uC with
increasing amount of recEGF (1 mM, 2 mM, 4 mM and 6 mM,
respectively), crosslinked and the complexes were then analysed by
Western blot.
EGF-binding assay
Heparin-immobilized acrylic beads (Sigma) were saturated
overnight at 4uC with 5 mg of either recEGF (Sigma) or recFGF2
(Invitrogen) diluted in PBS 0.2% BSA. As negative control,
heparin beads were incubated in PBS 0.5% BSA. To test whether
sFRP-3 binds specifically to EGF, EGF-loaded beads were
incubated for 2 hours at room temperature with increasing
amount of sFRP-3-HA (5 ml, 10 ml, 20 ml and 50 ml of sFRP-3
conditioned medium), whereas FGF2-loaded and control beads
were incubated with the highest amount of sFRP-3-HA. After 3
washing in PBS, beads were resuspended in 20 ml of lamely buffer,
boiled and loaded onto a protein gel. Western blot analysis for HA
or EGF was performed as described before.
Binding affinity analysis
25 nM of EGFAlexa488 (Molecular Probes) was incubated with
increasing amount (25 nM to 300 nM) of mouse recombinant
sFRP-3 (R&D) in PBS, and then absorbance spectrum of Alexa488
was measured with a luminescence spectrometer LS50B (Perkin
Elmer). The competition assay was performed by adding 250 nM
of native EGF to 25 nM EGFAlexa488 prior to the addition of
100 nM sFRP-3. The absorbance spectrum of Alexa488 was
measured as before.
Supporting Information
Figure S1 sFRP-3 interferes with EGF signaling pathway AKT
and MAPK phosphorylation in NIH-3T3 cells upon EGF
stimulation is reduced in the presence of sFRP-3-CM (A), but
not in the presence of bFGF (B).
Found at: doi:10.1371/journal.pone.0002471.s001 (1.07 MB
DOC)
Figure S2 Tissue distribution of sFRP-3 and EGF in the
developing mammalian embryo (A,B,D,E,G,H) Immunofluores-
cence on cryostat transverse (A–C, G–H, 106magnification) and
parasagittal (D–E, 206magnification) sections of mouse embryos
at E10.5 using EGF (red) and nestin (green) antibodies. A, D, G
show only expression of EGF and DAPI staining (blue), B, E, H
show respectively the same sections as in A, D, G but EGF signal
(red) is merged with the nestin signal (green). Arrow in H points to
few cells in the limb expressing EGF. (C,F,I) In situ hybridization
on cryostat transverse (C, I, 106 magnification) and parasagittal
(F, 206magnification) sections of mouse embryos at E10.5 using
sFRP-3 specific riboprobe. C, F, I show sections that are
alternating to those shown in A, D, G. Arrow in F points to
cells in the myotome surrounded by sFRP-3 expressing cells. dn,
dorsal neurons; drg, dorsal root ganglia; li, limb; mn, motorneur-
ons; my, myotome; vz, ventricular zone.
Found at: doi:10.1371/journal.pone.0002471.s002 (8.00 MB
DOC)
Figure S3 sFRP-3 Moprholino Oligo’s injection affects Wnt
pathway. (A–C) Immunofluorescence on stage 28 NF Xenopus
embryo sections against cytokeratins (red) and counterstained by
49,69-diamidino-2-phenylindole (DAPI) blue. (A) Normal wild type
un-injected embryo presenting intense ketatinization on the
cement gland, as revealed by cytokeratins red labeling. (B) sFRP3
morpholino (sFRP3-MO) injected embryo showing an almost
devoid of cytokeratins red labeling on the adhesive organ. (C)
sFRP3-MO/mRNA co-injected embryo revealing restoration of
keratin differentiation in the cement gland. Inserts: high
magnification of the cement gland. (D) Western blott analysis on
crude protein extracts from stage 28 NF Xenopus embryos
showing the decreasing of the cytokeratins production in the
sFRP3-MO treated embryos and its restoration on co-injected
sFRP3-MO/mRNA embryos. The filter was hybridized against
citokeratins (Pan-Cyto) and against laminin as internal control.
Found at: doi:10.1371/journal.pone.0002471.s003 (5.57 MB
DOC)
Figure S4 sFRP-3 ablation affects cement gland differentiation.
(A–C) Immunofluorescence on stage 28 NF Xenopus embryo
sections against cytokeratins (red) and counterstained by 49,69-
diamidino-2-phenylindole (DAPI) blue. (A) Normal wild type un-
injected embryo presenting intense keratinization on the cement
gland, as revealed by cytokeratins red labeling. (B) sFRP3
morpholino (sFRP3-MO) injected embryo showing an almost
devoid of cytokeratins red labeling on the adhesive organ. (C)
sFRP3-MO/mRNA co-injected embryo revealing restoration of
keratin differentiation in the cement gland. Inserts: high
magnification of the cement gland. (D) Western blot analysis on
crude protein extracts from stage 28 NF Xenopus embryos
showing the decreasing of the cytokeratins production in the
sFRP3-MO treated embryos and its restoration on co-injected
sFRP3-MO/mRNA embryos. The filter was hybridized against
cytokeratins (Pan-Cyto) and against laminin as internal control.
Found at: doi:10.1371/journal.pone.0002471.s004 (5.42 MB
DOC)
Table S1 The table shows the percentage of cells in G0/G1, S
and G2/M, at t0, t18 and t20, calculated using the CellQuest
analysis software.
Found at: doi:10.1371/journal.pone.0002471.s005 (0.03 MB
DOC)
Table S2 Expression profile of mouse Wnts signaling pathway
genes in control (CT) and EGF-treated (EGF) C3H10T1/2 cells.
The relative expression level of each gene is given by the 2
^2DCt
value (see Materials and Methods for formula calculation). Fold
differences .2o r,2 between EGF and CT samples are outlined
in green and red, respectively, in the ‘‘Fold-up or down
regulation’’ column.
Found at: doi:10.1371/journal.pone.0002471.s006 (0.19 MB
DOC)
sFRP-3-EGF Antagonism
PLoS ONE | www.plosone.org 14 June 2008 | Volume 3 | Issue 6 | e2471Acknowledgments
We thank G. Castrati for the CD4 plasmid and L. Beguinot for the NIH-
3T3 clone 17. We also thank S. Bernardino and M. Coletta for excellent
technical help, M. Rescans for advice and help with the cytofluorimeter,
M. Ceci and C. Steinkuler for useful discussion and help with binding
experiments, and R. Brandi for advice and help with RT-PCR
experiments.
Author Contributions
Conceived and designed the experiments: GC RS CG. Performed the
experiments: DT UB EC SB RS CG MS. Analyzed the data: EC SB RS
CG. Contributed reagents/materials/analysis tools: CS SC. Wrote the
paper: GC RS CG.
References
1. Nusse R (1992) The Wnt gene family in tumorigenesis and in normal
development. J Steroid Biochem Mol Biol 43: 9–12.
2. Cadigan KM, Nusse R (1997) Wnt signaling: a common theme in animal
development. Genes Dev 11: 3286–3305.
3. Yang-Snyder J, Miller JR, Brown JD, Lai CJ, Moon RT (1996) A frizzled
homolog functions in a vertebrate Wnt signaling pathway. Curr Biol 6:
1302–1306.
4. Bhanot P, Brink M, Samos CH, Hsieh JC, Wang Y, et al. (1996) A new member
of the frizzled family from Drosophila functions as a Wingless receptor. Nature
382: 225–230.
5. Dierick H, Bejsovec A (1999) Cellular mechanisms of wingless/Wnt signal
transduction. Curr Top Dev Biol 43: 153–190.
6. Rattner A, Hsieh JC, Smallwood PM, Gilbert DJ, Copeland NG, et al. (1997) A
family of secreted proteins contains homology to the cysteine-rich ligand-binding
domain of frizzled receptors. Proc Natl Acad Sci U S A 94: 2859–2863.
7. Hoang B, Moos M Jr, Vukicevic S, Luyten FP (1996) Primary structure and
tissue distribution of FRZB, a novel protein related to Drosophila frizzled,
suggest a role in skeletal morphogenesis. J Biol Chem 271: 26131–26137.
8. Leyns L, Bouwmeester T, Kim SH, Piccolo S, De Robertis EM (1997) Frzb-1 is
a secreted antagonist of Wnt signaling expressed in the Spemann organizer. Cell
88: 747–756.
9. Carmena A, Gisselbrecht S, Harrison J, Jimenez F, Michelson AM (1998)
Combinatorial signaling codes for the progressive determination of cell fates in
the Drosophila embryonic mesoderm. Genes Dev 12: 3910–3922.
10. Kopp A, Blackman RK, Duncan I (1999) Wingless, decapentaplegic and EGF
receptor signaling pathways interact to specify dorso-ventral pattern in the adult
abdomen of Drosophila. Development 126: 3495–3507.
11. Kumar JP, Moses K (2001) The EGF receptor and notch signaling pathways
control the initiation of the morphogenetic furrow during Drosophila eye
development. Development 128: 2689–2697.
12. Bradbury JM, Niemeyer CC, Dale TC, Edwards PA (1994) Alterations of the
growth characteristics of the fibroblast cell line C3H 10T1/2 by members of the
Wnt gene family. Oncogene 9: 2597–2603.
13. Sciorati C, Rovere P, Ferrarini M, Paolucci C, Heltai S, et al. (1999) Generation
of nitric oxide by the inducible nitric oxide synthase protects gamma delta T cells
from Mycobacterium tuberculosis-induced apoptosis. J Immunol 163:
1570–1576.
14. Velu TJ, Beguinot L, Vass WC, Willingham MC, Merlino GT, et al. (1987)
Epidermal-growth-factor-dependent transformation by a human EGF receptor
proto-oncogene. Science 238: 1408–1410.
15. Clementi E, Sciorati C, Nistico G (1995) Growth factor-induced Ca2+ responses
are differentially modulated by nitric oxide via activation of a cyclic GMP-
dependent pathway. Mol Pharmacol 48: 1068–1077.
16. Kashiwagi M, Kuroki T, Huh N (1997) Specific inhibition of hair follicle
formation by epidermal growth factor in an organ culture of developing mouse
skin. Dev Biol 189: 22–32.
17. Crossley PH, Martin GR (1995) The mouse Fgf8 gene encodes a family of
polypeptides and is expressed in regions that direct outgrowth and patterning in
the developing embryo. Development 121: 439–451.
18. Isaacs HV, Pownall ME, Slack JM (1994) eFGF regulates Xbra expression
during Xenopus gastrulation. Embo J 13: 4469–4481.
19. Borello U, Buffa V, Sonnino C, Melchionna R, Vivarelli E, et al. (1999)
Differential expression of the Wnt putative receptors Frizzled during mouse
somitogenesis. Mech Dev 89: 173–177.
20. Borello U, Coletta M, Tajbakhsh S, Leyns L, De Robertis EM, et al. (1999)
Transplacental delivery of the Wnt antagonist Frzb1 inhibits development of
caudal paraxial mesoderm and skeletal myogenesis in mouse embryos.
Development 126: 4247–4255.
21. Bafico A, Gazit A, Pramila T, Finch PW, Yaniv A, et al. (1999) Interaction of
frizzled related protein (FRP) with Wnt ligands and the frizzled receptor suggests
alternative mechanisms for FRP inhibition of Wnt signaling. J Biol Chem 274:
16180–16187.
22. Puertollano R, Bonifacino JS (2004) Interactions of GGA3 with the ubiquitin
sorting machinery. Nat Cell Biol 6: 244–251.
23. Shi W, Fan H, Shum L, Derynck R (2000) The tetraspanin CD9 associates with
transmembrane TGF-alpha and regulates TGF-alpha-induced EGF receptor
activation and cell proliferation. J Cell Biol 148: 591–602.
24. Dann CE, Hsieh JC, Rattner A, Sharma D, Nathans J, et al. (2001) Insights into
Wnt binding and signalling from the structures of two Frizzled cysteine-rich
domains. Nature 412: 86–90.
25. Lin K, Wang S, Julius MA, Kitajewski J, Moos M Jr, et al. (1997) The cysteine-
rich frizzled domain of Frzb-1 is required and sufficient for modulation of Wnt
signaling. Proc Natl Acad Sci U S A 94: 11196–11200.
26. Enomoto-Iwamoto M, Kitagaki J, Koyama E, Tamamura Y, Wu C, et al. (2002)
The Wnt antagonist Frzb-1 regulates chondrocyte maturation and long bone
development during limb skeletogenesis. Dev Biol 251: 142–156.
27. Chung YS, Baylink DJ, Srivastava AK, Amaar Y, Tapia B, et al. (2004) Effects
of secreted frizzled-related protein 3 on osteoblasts in vitro. J Bone Miner Res
19: 1395–1402.
28. Graham NA, Asthagiri AR (2004) Epidermal growth factor-mediated T-cell
factor/lymphoid enhancer factor transcriptional activity is essential but not
sufficient for cell cycle progression in nontransformed mammary epithelial cells.
J Biol Chem 279: 23517–23524.
29. Hasson P, Egoz N, Winkler C, Volohonsky G, Jia S, et al. (2005) EGFR
signaling attenuates Groucho-dependent repression to antagonize Notch
transcriptional output. Nat Genet 37: 101–105.
30. Lawrence PA, Casal J, Struhl G (2002) Towards a model of the organisation of
planar polarity and pattern in the Drosophila abdomen. Development 129:
2749–2760.
31. O’Keefe L, Dougan ST, Gabay L, Raz E, Shilo BZ, et al. (1997) Spitz and
Wingless, emanating from distinct borders, cooperate to establish cell fate across
the Engrailed domain in the Drosophila epidermis. Development 124:
4837–4845.
32. Pan MG, Wang YH, Hirsch DD, Labudda K, Stork PJ (1995) The Wnt-1 proto-
oncogene regulates MAP kinase activation by multiple growth factors in PC12
cells. Oncogene 11: 2005–2012.
33. Payre F, Vincent A, Carreno S (1999) ovo/svb integrates Wingless and DER
pathways to control epidermis differentiation. Nature 400: 271–275.
34. Schroeder JA, Troyer KL, Lee DC (2000) Cooperative induction of mammary
tumorigenesis by TGFalpha and Wnts. Oncogene 19: 3193–3199.
35. Chen Y, Stump RJ, Lovicu FJ, McAvoy JW (2004) Expression of Frizzleds and
secreted frizzled-related proteins (Sfrps) during mammalian lens development.
Int J Dev Biol 48: 867–877.
36. Kim SE, Choi KY (2007) EGF receptor is involved in WNT3a-mediated
proliferation and motility ofNIH3T3cellsvia ERK pathway activation.CellSignal.
37. Pera EM, De Robertis EM (2000) A direct screen for secreted proteins in
Xenopus embryos identifies distinct activities for the Wnt antagonists Crescent
and Frzb-1. Mech Dev 96: 183–195.
38. van de Water S, van de Wetering M, Joore J, Esseling J, Bink R, et al. (2001)
Ectopic Wnt signal determines the eyeless phenotype of zebrafish masterblind
mutant. Development 128: 3877–3888.
39. LaFlamme SE, Dawid IB (1990) Differential keratin gene expression during the
differentiation of the cement gland of Xenopus laevis. Dev Biol 137: 414–418.
40. Piccolo S, Agius E, Leyns L, Bhattacharyya S, Grunz H, et al. (1999) The head
inducer Cerberus is a multifunctional antagonist of Nodal, BMP and Wnt
signals. Nature 397: 707–710.
41. Piccolo S, Sasai Y, Lu B, De Robertis EM (1996) Dorsoventral patterning in
Xenopus: inhibition of ventral signals by direct binding of chordin to BMP-4.
Cell 86: 589–598.
42. Ball SG, Shuttleworth CA, Kielty CM (2007) Vascular endothelial growth factor
can signal through platelet-derived growth factor receptors. J Cell Biol 177:
489–500.
43. Freeman M, Bienz M (2001) EGF receptor/Rolled MAP kinase signalling
protects cells against activated Armadillo in the Drosophila eye. EMBO Rep 2:
157–162.
44. Assimacopoulos S, Grove EA, Ragsdale CW (2003) Identification of a Pax6-
dependent epidermal growth factor family signaling source at the lateral edge of
the embryonic cerebral cortex. J Neurosci 23: 6399–6403.
45. Kueng W, Silber E, Eppenberger U (1989) Quantification of cells cultured on
96-well plates. Anal Biochem 182: 16–19.
46. Tagliafico E, Brunelli S, Bergamaschi A, De Angelis L, Scardigli R, et al. (2004)
TGFbeta/BMP activate the smooth muscle/bone differentiation programs in
mesoangioblasts. J Cell Sci 117: 4377–4388.
47. Velu TJ, Beguinot L, Vass WC, Zhang K, Pastan I, et al. (1989) Retroviruses
expressing different levels of the normal epidermal growth factor receptor:
biological properties and new bioassay. J Cell Biochem 39: 153–166.
48. Smolich BD, McMahon JA, McMahon AP, Papkoff J (1993) Wnt family proteins
are secreted and associated with the cell surface. Mol Biol Cell 4: 1267–1275.
49. Berghella L, De Angelis L, Coletta M, Berarducci B, Sonnino C, et al. (1999)
Reversible immortalization of human myogenic cells by site-specific excision of a
retrovirally transferred oncogene. Hum Gene Ther 10: 1607–1617.
sFRP-3-EGF Antagonism
PLoS ONE | www.plosone.org 15 June 2008 | Volume 3 | Issue 6 | e247150. Nieuwkoop PD, Faber J (1967) Normal table of Xenopus laevis. Amsterdam:
North-Holland Publ Comp.
51. Gargioli C, Slack JM (2004) Cell lineage tracing during Xenopus tail
regeneration. Development 131: 2669–2679.
52. Kintner CR, Brockes JP (1984) Monoclonal antibodies identify blastemal cells
derived from dedifferentiating limb regeneration. Nature 308: 67–69.
53. Tajbakhsh S, Bober E, Babinet C, Pournin S, Arnold H, et al. (1996) Gene
targeting the myf-5 locus with nlacZ reveals expression of this myogenic factor in
mature skeletal muscle fibres as well as early embryonic muscle. Dev Dyn 206:
291–300.
54. Cossu G, Kelly R, Tajbakhsh S, Di Donna S, Vivarelli E, et al. (1996) Activation
of different myogenic pathways: myf-5 is induced by the neural tube and MyoD
by the dorsal ectoderm in mouse paraxial mesoderm. Development 122:
429–437.
55. Tajbakhsh S, Borello U, Vivarelli E, Kelly R, Papkoff J, et al. (1998) Differential
activation of Myf5 and MyoD by different Wnts in explants of mouse paraxial
mesoderm and the later activation of myogenesis in the absence of Myf5.
Development 125: 4155–4162.
56. Salvatori G, Lattanzi L, Coletta M, Aguanno S, Vivarelli E, et al. (1995)
Myogenic conversion of mammalian fibroblasts induced by differentiating
muscle cells. J Cell Sci 108 (Pt 8): 2733–2739.
57. Brunelli S, Innocenzi A, Cossu G (2003) Bhlhb5 is expressed in the CNS and
sensory organs during mouse embryonic development. Gene Expr Patterns 3:
755–759.
58. Bonci D, Cittadini A, Latronico MV, Borello U, Aycock JK, et al. (2003)
‘Advanced’ generation lentiviruses as efficient vectors for cardiomyocyte gene
transduction in vitro and in vivo. Gene Ther 10: 630–636.
sFRP-3-EGF Antagonism
PLoS ONE | www.plosone.org 16 June 2008 | Volume 3 | Issue 6 | e2471